The ratio of pulmonary to systemic flow (Qp/Qs) was noninvasively evaluated by duplex Doppler echocardiography in 22 patients with atrial septal defects (ASDs). Right and left ventricular stroke volumes (RSV, LSV) were determined from the recordings of ejection blood flow velocity and diameter at the level of the pulmonary and aortic orifices in each ventricular outflow tract. The ratio RSV/LSV, determined by the duplex Doppler echocardiography, was compared with Qp/Qs by oximetry. The RSV/LSV for 10 normal subjects was 0.99 ± 0.05 (mean + SD), whereas the RSV/ LSV for patients with ASD, 2.26 ± 0.63, was significantly higher than that for normal subjects (p < .01). In patients with ASD, a fairly good correlation was found between RSV/LSV and Qp/Qs (r .92, p < .01; y = 1.1 lx -0.30), and this high correlation was found even in patients with complications such as pulmonary hypertension, mitral and tricuspid regurgitation, Eisenmenger complex, and ventricular septal defect. We also found that semilunar valve regurgitation modified the value of RSV/LSV in accordance with the degree of regurgitation. These findings indicate that, with a few limitations, the Doppler index RSV/LSV is clinically useful in the estimation of the magnitude of the shunt flow in patients with ASD and that the limitations could be overcome by additional Doppler examination.
nary flow sometimes results in significant errors5 that are mainly due to the inability to adequately visualize and measure internal pulmonary arterial diameter from the echocardiographic image.5 13 In determining pulmonary arterial flow in patients with atrial septal defect (ASD) and/or ventricular septal defect, another serious problem arises in many cases; pulmonary arterial flow is often too highly disturbed to allow determination of flow velocity from Doppler recordings.'2.
We studied a method for Doppler quantitation of pulmonary flow in patients with ASD using Doppler recordings of the right ventricular outflow tract, in which flow is possibly less disturbed than in the pulmonary artery. 12 We validated this method of determining Qp/Qs in patients with ASD by comparing Doppler recordings of the right ventricular outflow tract with those of the pulmonary artery. Some additional technical developments were also tested in the measurement of valve orifice.
Methods
Patient selection. The study population consisted of 24 patients with ostium primumor secundum-type ASD (11 male and 13 female patients ranging in age from 3 to 69 years. mean 30) who underwent diagnostic cardiac catheterization and 10 normal subjects (eight men and two women ranging in age from 37 to 59 years, mean 49) who served as control subjects. Two of the 24 patients with ASD were excluded because the diameters of their pulmonary orifices could not be determined by echocardiography. In the other 22 patients all Doppler and echocardiographic recordings obtained were satisfactory. In the patients with ASD Qp/Qs ranged from 0.51 to 4.6. Seven patients had pulmonary hypertension (mean pulmonary arterial pressure over 20 mm Hg). The presence or absence of associated valvular heart diseases was determined by Doppler examination and/ or contrast angiography. Patient characteristics and diagnoses are shown in table 1.
The interval between Doppler examination and cardiac catheterization was within 24 hr in 14 patients, within 1 week in three patients, within 3 months in two patients, and within 6 months in three patients. The clinical condition of the patients did not change between cardiac catheterization and Doppler examination.
Apparatus. We used a duplex Doppler echocardiograph (Hitachi EUB-1 OB or Toshiba SDS-21 A with SSH-41 A) for both imaging and determination of flow velocity. Two-dimensional echocardiographic images, M mode echocardiographic tracings, and Doppler-determined flow velocity patterns were obtained with the same transducer array (2.5 MHz for EUB-1OB and 2.4 MHz for SDS-21A). Any cursor line could be interrogated for pulsed Doppler sampling and M mode echocardiographic tracing, and the ultrasound beam direction and the sample volume were monitored as a bright line and a spot on the line in the two-dimensional echocardiographic image. The sample volume was a cylinder with a diameter of 3 mm and a length of 2 mm at a depth of 7.5 cm for EUB-lOB and with a diameter of 5 mm and a length of 2 mm at a depth of 10 cm for SDS-2 1 A. The pulse repetition rate was 5.4 kHz for the former and 6 kHz for the latter. Doppler recordings were obtained in the Doppler mode, and sampling position was easily checked by switching the instrument from the Doppler to the real-time imaging mode. Doppler signals derived from structures were minimized by a high-pass filter, and all signals were analyzed in real time by the Chirp-Z transform for EUB-lOB and by the fast-Fourier transform for SDS-21A, and were simultaneously displayed on an electrocardiogram, phonocardiogram, and M mode echocardiogram at a paper speed of 100 mm/sec. The flow velocity directed toward and away from the transducer was displayed above and below the baseline on the recording paper.
Ultrasound examination
Measurements in the right venitricular outflow tract. Each patient rested in a supine position and breathed in a relaxed way during Doppler examination. The transducer was placed, as usual, in the third intercostal space at the left sternal border and was angulated laterally to depict the right ventricular outflow tract and main pulmonary artery. Doppler recordings of flow velocity were obtained with the Doppler beam directed as parallel as possible to the long axis of the right ventricular outflow tract and with the sample volume positioned just at the pulmonary orifice at the center axis of the right ventricular outflow tract (figure 1. A). We then advanced the sample volume to the main pulmonary artery and recorded the flow velocity pattern, which was then compared with that in the right ventricular outflow tract. The Doppler incident angle and the diameter of the pulmonary orifice were measured from midsystolic echocardiographic images. In the measurement of the diameter of the pulmonary orifice, we asked patients to rest in a left decubitus position so that the pulmiionary orifice would appear as parallel to the ultrasonic beam as possible. For the real-time echocardilo graphic images midsystolic ininer diameter of the pulmonary orifice was measured as an interval between the points at which the pulmonary cusps originated. Measurement.s in the left vienitricular outflow tract. After measurements in the right ventricular outflow tract, the transducer was moved onto the cardiac apex and angulated medially to depict the left ventricular outflow tract and the ascending aorta in a left anterior oblique equivalent view (figure I. B). We positioned the sample volume just at the aortic orifice at the center axis of the left ventricular outflow tract and recorded the flow velocity pattern. We then advanced the sample volume into the ascending aorta to record the aortic flow velocity for the Data analysis. On the assumption that the velocity profile just at the semilunar valve orifice is flat, right and left ventricular stroke volumes (RSV, LSV) were determined as products of the cross-sectional area and the velocity integral over systole with the use of the following equations:
where D is the midsystolic diametcr of semilunar valve orifice, Doppler incident angle against the long axis of ventrictular outflow tract. Ihe integral of V,\,(t) was cletcti-ttied as an1 area under the envelope of the Doppler shift fi-equency pattern with a digitizer (Cat din SC). Contt-on). When the Doppler incident angle was less than 20 degrees there was no nieed to coirrect V0,(t) toI the angle. However, in the right and left ventiicular oLutflow tracts, respectively, the Doppler incident ancle failed to be less than 2() dcegrees in none (0%7c) and thice (30%/c) of 10 normal subjects and nine (41' ) and 18 (X96/) 01 22 patients; in these cases V1,,(t) was corrected for the angle. Both RSV and LSV were calculated as averages of five consecutive cat diac cycles. Both ventriculat stroke indexes wete obtatned by dividine stIoke volumes by the body surface arca. The ratio RSV/LSV was calculated for estiimating Qp/Qs. In each iecord. the flow distui-bance was evaluated IriIi thc spectral width of systolic Dopplei frequcency pattei-n. I he flow disturbance was considercdl to be piresent if the 12 dB spectral width was Icateri than 45 cii/scec. Catheter measurements. All patiecnts undet-went cat ditac catheterization. Hemodlynlamilic imecaSteI-CmeiClMtS WeIe made with a No. 7F fluid-filled cathetei connectcd to a pressure tiansducer (Statham P23Db). OxygenI saturation in bloodl was meicasured in pulmiionary aiterial (Spa). pulmonary venous (Spv), systemic arterial (Ssa), anld mixed venlous (Smv) (the inferioi venia cava sample being weighed 3: 1 in combinationi with the superior vena cava sample) samples. Ihe Qp/Qs was calculated fi-oTi the oxygen saturation in blood with the equation: Qp/Qs -(Ssa -Smv)/(Spv Spa).
Statistical analysis. Results are expriessed as mean. ± SD.
Student's t test was applied to coimipaie ventilculair stroke indexes for the patients with ASD aclnd nornmal subtccts. The Doppler determinied RSV/LSV was compared with Qp/Qs by oximetry with a simple linear regr-ession analysis.
Results
Interpretation of Doppler records. Ten normal subjects and 22 patients with ASD were examined; the results are listed in table 2. None of normal subjects had a flow disturbance in the right ventricular outflow tract or main pulmonary artery. While none of the patients had a flow disturbance in the right ventricular outflow tract, seven of 22 had pulmonary arterial flow disturbances (figure 2). None of these patients or normal subjects had a flow disturbance either in the left ventricular outflow tract or in the ascending aorta. On the basis of these findings, each stroke volume was determined with the flow velocity pattern and the diameter in the ventricular outtlow tract.
Right and left ventricular stroke indexes and the Doppler-deternmined shunt ratio (RSV/LSV). The mean values of right and left ventricular stroke indexes for patients with ASD were compared with those for normal subjects ( figure 3 ). The left ventricular stroke index for patients with ASD (40.6 ± 9.5 ml/m2) was not significantly different from that for normal subjects (46.1 + 7.4 ml/mi). However, the right ventricular stroke index for patients with ASD (88.8 -J-26.9 ml/mn) was distinctly higher than that for normal subjects (45.8 ± 7.2 ml/mi; p < .01). The Doppler-determined index RSV/LSV for the normal subjects (0.99 * 0.05) indicated the equivalence of RSV and LSV. The RSV/LSV for patients with ASD (2.26 ± 0.63) was significantly higher compared with that for normal subjects (p < .01, figure 4).
Estimation of Qp/Qs with Doppler-determined RSV/ LSV. In all 22 patients the Doppler-determined RSV/ LSV was compared with Qp/Qs by oximetry. The RSV/LSV correlated well with Qp/Qs (r = .92, p < .01; y = 1.llx -0.30; figure 5 ). This good agreement was found even in patients with complications such as pulmonary hypertension (Nos. 6, 9, 11, and 19) and mitral and/or tricuspid regurgitation (Nos. 5, right ventricular stroke index (RSI) for patients with ASD is significantly higher (p < .01), whereas the left ventricular stroke index (LSI) is within the normal range. 6, 9, 11, and 19 Semilunar valve regurgitation theoretically modifies the value of the Doppler-determined index RSV/LSV; thus, the effects of semilunar valve regurgitation on the RSV/LSV were extensively studied. In all normal subjects and patients with ASD, semilunar valve regurgitation was examined by Doppler echocardiography and its degree was evaluated by observing the point that regurgitant signals reached on the two-dimensional echocardiographic image. None of the patients had aortic regurgitation, and only four with ASD had pulmonary regurgitation. In patients with mild pulmonary regurgitation (regurgitation detected less than 1 cm from the pulmonary valve by Doppler echocardiography; patients 6 to 8), the RSV/LSV was similar to the Qp/Qs. However, in a patient with moderate pulmonary regurgitation (regurgitation detected up to 2 cm from the pulmonary valve by Doppler echocardiog- raphy; patient 5) the RSV/LSV of 2.18 was higher than the Qp/Qs of 1.57.
Discussion
The usefulness of a pulsed Doppler echocardiographic technique in estimating Qp/Qs has been reported in young patients with a variety of congenital intracardiac shunt diseases such as ventricular septal defect, common atrioventricular cannal, and tetralogy of Fallot.7 In these reports, the right and left ventricular output values were obtained from the measurements of pulmonary and aortic flow velocities and diameters, respectively. However, patients with ASD frequently have disturbed pulmonary flows due to high flow rates with or without dilated main pulmonary arteries. Doppler recordings in this study (figure 2 and table 2) revealed that seven of 22 patients had broadened spectral patterns on Doppler recordings of their main pulmonary arteries, which made it impossible to determine the envelope of Doppler shift frequency. In contrast, none of them had disturbed flow in the right ventricular outflow tract and this permitted us to obtain the velocity integral throughout the ejection period. These results are comparable to the previous phonocardiographic findings, 12 which demonstrate that flow disturbances are more frequently exhibited in the main pulmonary artery than in the right ventricular outflow tract in young-to-elderly patients with ASD. Thus, we preferred to use the flow in the right ventricular outflow tract rather than that in the main pulmonary artery for the determination of RSV.
Flow velocity measured by the Doppler technique is essentially the cosine function of the angle between the Doppler beam and flow vector, and thus the Doppler incident angle should be taken into account when it exceeds a critical value because it might cause serious errors in determining flow velocity. In this study we failed to set the Doppler incident angle at less than 20 degrees (which causes 5% errors) in the right ventricular outflow tracts of nine of 22 patients and in the left ventricular outflow tracts of 18 of 22 patients, although we attempted to align the Doppler beam as parallel to the long axis of each of the tracts as possible. These observations differ from those of Sanders et al.7 They observed that the Doppler beam was adequately aligned parallel to the flow when they measured pulmonary and aortic flow in children with a variety of congenital shunt diseases. The differences between our results and those of Sanders et al. might be explained by the differences in the ages of the study populations or possibly by the differences in the locations of shunt lesions. In adult patients with ASD, the right ventricle often presents more marked dilatation than it does in children because of the long persistance of the right ventricular volume overload. In such an instance, the alignment of the Doppler beam parallel to the flow vector would likely be difficult, especially in the left ventricular outflow tract. Thus, in patients with ASD, and especially in adult patients, the Doppler incident angle should be taken into account in estimating not only left but also right ventricular output.
The major problem encountered in this investigation was the difficulty in obtaining a clear echocardiographic image of the pulmonary artery5 13; however, echocardiographically the pulmonary orifice could be more clearly imaged. In this study, we referred to additional real-time echocardiographic images to locate the conjunctive portion of pulmonary cusps to the orifice because moving anatomic structures are more easily recognized on real-time than on stop-frame images. Furthermore, accurate measurement of pulmonary orifice diameter would be possible if the pulmonary orifice were axially depicted on the echocardiographic images because vague images due to lateral resolution would be minimized. We kept the patients in a left decubitus position to reduce the covering effect of the left lung and searched for another echocardiographic window to depict the pulmonary orifice more axially.
Thus, inner diameter of the pulmonary orifice was successfully measured axially in all but two patients who were excluded from the study.
In the present study the RSV showed good agreement with the paired measurements of the LSV in normal subjects. This observation confirms the facts'4' '5 that bronchial arterial flow does not exceed 2% of left ventricular output and that right ventricular output as determined by the dye-dilution technique is coincident with Fick's calculation (difference less than 15%). In patients with ASD, right ventricular stroke index increased, but left ventricular stroke index was not different from normal. These findings suggest that the systemic flow is maintained at normal levels in patients with ASD. Although there is still controversy about whether the systemic flow is decreased or not in adult ASD patients without heart failure,'61' it seems that the increase in pulmonary flow rather than the decrease in systemic flow accounts for the increase of Qp/Qs in patients with ASD.
In the patient with Eisenmenger complex who had a dominant right-to-left atrial shunt, RSV/LSV was less than 1 and was comparable to Qp/Qs. This finding indicates that our technique allows the evaluation of the right-to-left shunt as well as the left-to-right shunt, although further studies are needed to establish the feasibility of this method for assessing Qp/Qs in patients with right-to-left shunt.
The Doppler-determined index RSV/LSV showed a good agreement with Qp/Qs in patients with ASD; however, extracardiac shunt diseases and semilunar valve stenosis and/or regurgitation might modify the value of RSV/LSV. The RSV/LSV in patients with pulmonary regurgitation is anticipated to overestimate Qp/Qs, since pulmonary regurgitation produces the augmentation of the Doppler measurement of RSV. The RSV/LSV of 2.18 was markedly higher than the Qp/Qs of 1.57 in a patient with moderate pulmonary regurgitation (regurgitant flow distributed up to 2 cm from the pulmonary valve), although we could estimate Qp/Qs from RSV/LSV with insignificant errors in patients with minimum pulmonary regurgitation (regurgitant flow detected less than 1 cm from the pulmonary valve). In patients with aortic regurgitation, RSV/ LSV might underestimate Qp/Qs for similar reasons. However, aortic regurgitation is rarely associated with ASD, and none of our patients had aortic regurgitation. Also, these possible limitations could be overcome by performing additional Doppler echocardiographic examinations. RSV/LSV showed a good agreement with Qp/Qs even in patients with mitral and/or tricuspid regurgitation, which indicates that the Doppler technique permits us to estimate Qp/Qs in patients with mitral and/or tricuspid regurgitation.
Our results demonstrate that the Doppler technique allows the noninvasive evaluation of Qp/Qs with a high degree of accuracy and allows determination of the stage of ASD by the consecutive assessment of shunt magnitude. Furthermore, this technique appears promising in the evaluation of the surgical closure of ASD.
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